ABSTRACT Vector competence studies for West Nile virus (WNV) were conducted for two Culex (Culex) restuans Theobald populations Edison Park (EP) and Illinois Medical District (IMD), in Chicago, IL. The aim was to determine if there were differences between mosquito populations that contributed to the observed differences in the prevalence of WNV. Percentages of orally infected, disseminated, and transmitting mosquitoes were estimated using a generalized linear mixed effects model including a random effect for family to account for anticipated within-family correlation. Analysis indicated that percentages of infected, disseminated, and transmitting mosquitoes were not signiÞcantly different between EP and IMD. The within-family correlation was 0.46 (95% CI 0.28, 0.67), indicating reasonably strong tendency for WNV titers of bodies, saliva, and legs within families to be similar. Overall, our results show that vector competence of Cx. restuans for WNV is not a contributing factor to the observed differences in WNV human cases between the EP and IMD areas of Chicago.
KEY WORDS Culex restuans, vector competence, WNV, Chicago
Field observations and laboratory studies by a number investigators (Turell et al. 2000 Andreadis et al. 2001 Andreadis et al. , 2004 Hadler et al. 2001; Sardelis et al. 2001; Condotta et al. 2004; Kilpatrick et al. 2005; Ebel et al. 2005 ; Andreadis and Armstrong 2007) support the hypothesis that Culex (Culex) restuans Theobald plays a signiÞcant role in the transmission dynamics of West Nile virus (WNV) in eastern and mid-western United States. Because Cx. restuans populations typically peak in the spring and the early summer (Covell and Resh 1971 , Reiter 1988 , Geery and Holub 1989 , Savage et al. 2007 ), the role played by this species is thought to be enzootic transmission of WNV among susceptible springtime birds. Studies by Lampman et al. (2006) reported that during the WNV outbreak in Illinois in 2002 there was an extended period of time when Cx. restuans and Culex (Culex) pipiens L. populations were equally abundant. However, during nonoutbreak years, populations of Cx. restuans typically decline before the populations of Cx. pipiens increase, and the period of relatively equal population abundance for these two species is usually extremely short. This observation suggested that persistent Cx. restuans populations were associated with the WNV outbreak of 2002 in east central Illinois and probably elsewhere in the Midwest. In addition to springtime virus ampliÞ-cation, the fall activity of Cx. restuans populations (Reiter 1988) suggests that hibernating adults may be involved in the overwintering of WNV. Further, a study by Apperson et al. (2004) reported human bloodmeals detected in Þeld-collected Cx. restuans from New Jersey, suggesting a possible limited role as a bridge vector for WNV.
In an effort to determine the biotic factors underlying the nonuniform distribution of WNV activity within the city of Chicago, we evaluated vector competence for a Cx. restuans population in an area where WNV human cases were high and compared that to another population in an area where WNV cases were low during the 2002 outbreak (Ruiz 2004 ). Since 2002, over 90% of the positive mosquito pools have been detected in areas where the human cases were clustered during the 2002 outbreak (unpublished data), suggesting that these areas are the foci for WNV transmission in Chicago. Geographic variations in vector competence have been described in many vector/arbovirus systems (Tesh et al. 1976 , Hardy et al. 1976 , Grimstad et al. 1977 , Tabachnik et al. 1985 , Bennett et al. 2002 , Vaidynathan and Scott 2007 and we hypothesized that variations in vector competence may play a role in the ecological distribution of arbovirus activity. We hypothesized that differences in vector competence of Cx. restuans populations within two community areas, Edison Park (EP) and Illinois Medical District (IMD) (the Near West Side community area) in Chicago may contribute to the extreme variation in WNV activity observed between these two community areas. The climatic, environmental, and demographic factors associated with the clustering of human cases in Chicago were investigated in detail by Ruiz et al. (2004 Ruiz et al. ( , 2007 , but the corresponding biotic factors associated with the distribution of WNV activity in Chicago are currently not known.
Materials and Methods
Mosquito Strains. Two sites in Chicago were selected for mosquito collections on the basis of historic WNV human cases and positive mosquito pool data. Site 1, EP (Fig. 1) , is a residential community area on the north side of Chicago where the numbers of WNV cases and the numbers of positive mosquito pools have (Lampman and Novak 1996) . Egg rafts were collected daily, placed individually into 2.0 ml cryotubes on moist Þlter paper and shipped by overnight parcel to the Centers for Disease Control and Prevention (CDC) laboratory in Fort Collins. In the laboratory, each egg raft was hatched separately in 34.3 ϫ 24.1 cm metal pans in 0.5 liters of de-ionized water. The larvae were fed on a Þnely ground mixture of 39.4% TetraMin ßakes (Tetra Holdings, Blacksburg, VA), 57.8% liver powder (MP Biomedicals, Solon, OH), and 8.9% brain/heart infusion (ICN Biomedicals, Aurora, OH) (Colton and Nasci 2006) . Each pan received a total of 0.5 g, 0.2 g on day 0 and 0.3 g on day 2. Third instars were identiÞed to species on basis of morphological characters using the keys of Darsie and Ward (2005) . Adult mosquitoes were maintained on 5% sucrose solution and the sucrose solution was withheld 24 h before feeding the mosquitoes on a blood-virus suspension. A laboratory colony, Culex (Culex) quinquefasciatus Say Sebring strain, collected in 1988 from Sebring, Highlands County, FL, was used as a control strain. Mosquito rearing was done in incubators at 28ЊC and 80% RH, and 16:8 h L:D photoperiod.
Virus. The WNV strain used, FCV15, was isolated from Culex (Culex) salinarius Coquillett mosquitoes collected on the south side of Chicago on 28 September 2005. The virus was passaged twice in vero cells, and fresh unfrozen virus in DulbeccoÕs ModiÞed Eagle Medium (DMEM) (Mediatech, Inc., Manassas, VA) was used to infect mosquitoes in the transmission trials. Currently, genetic relationships among WNV isolates from Chicago are unknown and there is the possibility that the virus strain, FCV15, used in our experiments was genetically different from the virus strains that caused the 2002 outbreak and from the strains circulating in 2008 and 2009 when we conducted the transmission experiments. Genetic variability has been observed among WNV strains collected in the United States especially since 2002 after the emergence of the dominant North American Genotype (Davis et al. 2005) . However, high WNV activity has consistently been observed in the same areas suggesting that WNV genetic variations over the years have not altered WNV activity distribution in Chicago.
Transmission Trials. Five-to seven-day-old mosquitoes were deprived of sucrose for 24 h and fed on a blood-virus suspension containing 10 8.6 PFU/ml of WNV by using a Hemotek membrane feeding system and Collagen membranes (Val Abbott Discovery Workshops, Lancs, England). We used DeÞbrinated chicken blood (Colorado Serum Company, Denver, CO) warmed to 37ЊC and 3 mM ATP added as a phago-stimulant. The mosquitoes were allowed to feed for 3 h at room temperature (20 Ð25ЊC) because Cx. restuans females were reluctant to feed on the hemotek system and it took a long time to obtain fully engorged mosquitoes. Each mosquito family raised from a single egg raft was placed in a separate cage and incubated for 15 d at 28ЊC, 80% RH and a 16:8 h (L:D) cycle simulating long day photoperiod, and given ad libitum access to a diet of 5% sucrose. Blood-virus suspension samples were collected before and immediately after feeding and stored at Ϫ80ЊC for later virus titer assay using plaque assays.
At day 15 postinfection, mosquitoes were sedated with triethylamine (Thermo Fisher Inc., Pittsburg, PA), the proboscises were inserted into numbered mineral oil-Þlled micro tubes held upright on Critoseal trays (McCormic ScientiÞc, Richmond, IL) and the mosquitoes allowed to salivate individually for 30 min (McCormic ScientiÞc). After salivation the mosquitoes were immediately frozen at Ϫ80ЊC and later the legs were separated from the bodies before assaying for presence of WNV by using plaque assays. The mosquito bodies and legs were assayed separately to obtain infection and dissemination rates. Saliva samples were assayed for presence of WNV by using real-time reverse transcription polymerase chain reaction (RT-PCR) (Lanciotti et al. 2000) . Brießy, the saliva tubes were vortexed, brießy centrifuged and RNA was extracted using a QIamp Virus BioRobot 9604 Kit (Cat. No. 965662; Qiagen, Valencia, CA) and a QIAmp Virus BioRobot 9604 Instrument (Qiagen). The RNA extracts were assayed by a TaqMan real-time PCR using a QuantiTect Probe RT-PCR Kit (Cat. No. 204445; Qiagen) and a iCycler iQ Real-Time PCR System (Biorad, Hercules, CA). The primers and probes: forward primer 5ЈCAGACCACGCTACG-GCG, reverse primer 5ЈCTAGGGCCGCGTGGG, and FAM/TAMRA probe 5ЈCTGCGGAGAGTGCAG-TCTGCGAT were previously described by Lanciotti et al. (2000) . We evaluated vector competence by computing infection rates (percentage of fully engorged mosquitoes with a midgut infection), dissemination rates (percentage of fully engorged mosquitoes with detectable virus in the legs), and transmission rates (percentage of fully engorged mosquitoes with detectable virus in the saliva) for each family.
Comparisons by Collection Site and Bloodmeal Volume. Bloodmeal volume was categorized into, 1) fully engorged, abdomen fully distended by the bloodmeal stage Þve of Pillit and Jones (1972) , 2) partially engorged, abdomen partially distended stages three and four of Pillit and Jones (1972) , and 3) trace, barely visible blood in the midgut with no discernible distention of the abdomen, stages 0 Ð2 of Pillit and Jones (1972) . We compared the mean body virus log-titers by site and bloodmeal volume using a linear mixed effects model (Pinheiro and Bates 2000) . These computations were performed in the statistical software package R (R Development Core Team 2010). Site, with levels EP and IMD, and bloodmeal volume, with levels full, partial and trace, were included in the models as a Þxed effects, along with their interaction. Because individuals from the same family were included in the experiment, we anticipated that withinfamily titers might be similar. To adjust for this anticipated correlation, a random effects term for family was included. We evaluated the possibility that the within-family, random effects variances differed by site, that the variances were the same by site, and that a random effects term was not needed (i.e., that the within-family variance was equal to 0). With all Þxed effects included, models were Þtted using restricted maximum likelihood (REML) and their variances compared using the restricted likelihood ratio test (RLRT). To test whether the random effect termÕs variance was positive, we used the methods of Scheipl et al. (2008) to compute the P value for the RLRT, implemented in the R package RLRsim (www.r-project.org). To test whether the random effects variances differed by site or bloodmeal volume, the RLRT P value was computed using the standard chi-squared approximation. Using the variance structure thus determined, Þxed effects were compared using the likelihood ratio test (LRT) after Þtting with maximum likelihood. The Þnal model was then Þtted using REML. All comparisons used 5% statistical signiÞcance. Ninety-Þve percent conÞdence intervals (CI) on all parameters were computed based on the normal approximation to the distributions of the REML estimators, as implemented in the R package nlme; see Pinheiro and Bates (2000) for details. To evaluate the variance structure, the linear mixed model including Þxed effects for site and bloodmeal volume and their interaction were used.
The intraclass or within-family correlation coefÞ-cient was estimated as a measure of the strength of the association of within-family titer values. Ninety-Þve percent CIs for the ratio of the within-family variance to the residual variance and for the within-family correlation were computed using the method recommended in Burdick et al. (2005) . Standard diagnostics were used to assess model Þt, including evaluation of residual plots and of normality of predicted random effects.
We compared the proportions of mosquitoes with RT-PCR-positive legs using a similar modeling strategy. We used a generalized linear mixed model with binomial error and logit link to model the proportion of positive legs, Þtted using the lme4 package in R. As above, a random effect was included for family.
Finally, because saliva titers were 0 for many individuals, we analyzed saliva titers by using a mixture distribution, with a component for a titer of 0 and one in the case that the titer was positive (continuous). SpeciÞcally, we modeled the probability that the saliva titer was positive as a logistic function of a Þxed effect for site and a random effect for family-within-site, and for positive saliva titers, we used a linear model with a Þxed effect for site and a random effect for familywithin site. Different variances were considered for the random effects in each of the model components, as well as for the positive-saliva components by site. This mixture model was Þtted with maximum likelihood using the nlmixed procedure in SAS version 9.2 (SAS Institute Inc., Cary, NC). Models selection used the likelihood ratio and Wald tests. Because some of the analyses performed in this study are nonstandard, readers may contact the authors (B.J.B., BBiggerstaff@cdc.gov) to obtain illustrative computer code.
Results
Feeding success was low. Of the 10 families orally exposed to WNV from EP and IMD, seven families from each population had at least Þve fully engorged female Cx. restuans mosquitoes. In contrast all four control families had more than Þve fully engorged mosquitoes, which was not surprising because the Sebring Cx. quinquefasciatus colony had been in culture for several years and was well adapted to the Hemotek system used routinely in the insectary. The percentage of mosquitoes feeding in each family ranged 5Ð22% in IMD, 10 Ð30% in EP, and 30 Ð 80% in the control Sebring strain. The prefeeding bloodmeal titers were 10 8.6 pfu/ml and the postfeeding blood titers varied from 10 7.77 to 10 8.06 pfu/ml. In the analysis of body titers (Fig. 2) , we began using the full model with Þxed effects for site and bloodmeal volume, along with a random effect for family allowing for different variances for family by site. The RLRT comparing the model with the same random effects variance for each site to that with different random effects variances by site resulted in a P ϭ 0.97, indicating that only a common variance for the sites was needed. The RLRT of whether the random effects variance was positive resulted in a P Ͻ 0.001, indicating that this variance is indeed positive, so that the random effect for family provided an improved Þt. All subsequent models therefore include a random effect for family with the same variance for each site.
The LRT indicated no signiÞcant interaction between site and bloodmeal volume (P ϭ 0.34), nor a signiÞcant difference among the three levels of bloodmeal volume (P ϭ 0.65). Bloodmeal volume was therefore removed from the model. ), indicating no statistically signiÞcant difference in body titers between the sites, in agreement with the LRT (P ϭ 0.62). Using the reduced model with only an intercept, the family random effects variance was estimated using REML to be 0.89 (95% CI 0.42, 1.89), while the residual variance was estimated to be 1.04 (95% CI 0.84, 1.30); the ratio of these variances was thus estimated to be 0.85 (95% CI 0.39, 2.05). Finally, the within-family correlation was 0.46 (95% CI 0.28, 0.67), indicating reasonably strong tendency for titers within families to be similar. Residual analyses for the model Þts indicated no signiÞcant departures from model assumptions.
The modeling for infection, dissemination and transmission rates followed a similar course, and the May 2012 MUTEBI ET AL.: VECTOR COMPETENCE OF Cx. restuans FOR WNVÞnal models included a random effect for family, with the same variances by site. The individual rates by site (95% CIs) are reported in Table 1 , along with the odds ratio comparing these by site. The likelihood ratio test comparing models for each of these measures with and without a Þxed site effect showed no statistically signiÞcant difference in them by site (Infected, P ϭ 0.96; Disseminated, P ϭ 0.20; Transmitting, P ϭ 0.82). The results for the odds ratio comparisons, reported in Table 1 , corroborate this conclusion. Analysis of saliva titers (Fig. 3) using the mixture distribution indicated that the family-within-site random effects between the 0 and continuous components shared the same variance (P ϭ 0.18). In addition, the variances in the normal, linear component did not differ by site (P ϭ 0.65). Further, from the logistic model component, the probability that the titer was 0 did not depend on site (P ϭ 0.75); similarly, from the positive, linear component, the mean titer did not depend on site (P ϭ 0.13). Evaluation of the random effects variances indicated that they were indeed positive, thus echoing the analysis of the body titers of the existence of a relatively strong within-family correlation for the saliva titers.
Discussion
Although vector competence studies have been conducted for many mosquito species suspected of transmitting WNV, many of these studies have focused on establishing whether or not particular mosquito species and/or populations are competent or incompetent vectors of WNV. Although variations in vector competence have been observed among geographically distinct populations of mosquito species, few studies to date have attempted to relate vector competence to the ecology of WNV in the United States. The studies by Reisen et al. (2008) reported temporal changes in WNV circulation intensity, but the circulation intensity was not positively correlated with the observed temporal variations in vector competence of the mosquito species involved. This suggested that vector competence was not a central factor to initiating increased circulation of WNV and/or to triggering WNV outbreaks. The data we present in this manuscript showed no observable variations in vector competence for WNV between the two populations of Cx. restuans collected from IMD and EP in Chicago, which suggests that differences in vector competence The rates were calculated using only fully engorged mosquitoes.
of Cx. restuans is not a contributing factor to the observed variations in WNV activity between these two sites ( , Ebel et al. 2005 , and persistence of populations of a highly competent enzootic vector presumably leads to increased WNV circulation and ultimately WNV outbreaks. When the body viral titers were compared between mosquitoes from IMD and EP (Fig. 2 ) the differences were not signiÞcant suggesting similar body viral burden in infected Cx. restuans females between the two populations. Similarly there were no signiÞcant differences in saliva viral titers between IMD and EP (Fig. 3) suggesting that both populations were able to transmit WNV at the same rate. However, the body titers showed a reasonably strong tendency for siblings to have similar viral titers (Fig. 2) suggesting that there is a genetic component of vector competence of Cx. restuans for WNV. Genetic control of mosquito susceptibility to pathogens has been known since the classical experiments by Huff (1929 Huff ( , 1931 . Since then, numerous studies have demonstrated genetic control of vector competence for various pathogens in different mosquito species, and linkage maps have been developed for some mosquito-pathogen systems; for a review see Beerntsen et al. (2000) .
Lastly, our data showed no signiÞcant differences between body titers for WNV infected Cx. restuans females that were fully engorged, partially engorged and those that took only trace amounts of the blood infectious blood-meal (Fig. 4) . This is very similar to the observations by Richards et al. (2007) , who reported similar body titers for Cx. quinquefasciatus infected with different titers of WNV. Our observations suggest that mosquitoes taking small bloodmeals are as likely to become infected as those that feed to repletion. In contrast, earlier work by Mitchell et al. (1979) reported that 9.7% of the partially engorged Cx. pipiens were infected with St. Louis encephalitis virus, while in the same experiment 66.7% of the fully engorged were infected suggesting that the fully engorged are infected at a higher percentage. The epidemiological importance of our observations is that erratic or interrupted feeding may increase the chances of Cx. restuans to become infected with WNV. The studies by Anderson and Brust (1995) estimated that up to 5% of Cx. restuans obtain multiple bloodmeals, which shows that partial bloodmeals for Cx. restuans have been observed under Þeld conditions. Further, Mitchell et al. (1979) pointed out that an infective partial or trace bloodmeal taken in late summer or fall followed by successful winter hibernation may lead to successful winter carryover. In some cases, the overwintering mosquitoes may be nulliparous because the amount of blood taken was not enough to trigger ovarian development (Mitchell et al. 1979) . Clements (1999) summarized the information available on multiple bloodfeeding among mosquito species and concluded that the overall importance of multiple blood feeding is complex and not yet very clear. However, by the time of his book in 1999, WNV was just recognized in the United States and there were few studies on WNV in the United States. There remains the possibility that multiple bloodmeals play a signiÞcant role in the epidemiology of WNV in the United States.
